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Development of Key-Enabling Technologies for a 
Variable-blend Natural Gas Vehicle 
EXECUTIVE SUMMARY 
A portable, economic and reliable sensor for the Natural Gas (NG) fuel quality has been 
developed. Both Wobbe Index (WI) and Methane Indexes (MI) as well as inert gas content 
(inert%) of the NG fuel can be measured in real time within 5% accuracy. This sensor is 
targeting to be used in any equipment that involves NG combustion including NG vehicle, 
boiler, building HVAC, various consumer level gas appliance and Variable Natural Gas Vehicle 
(VNGV). The VNGV is an NG vehicle that can operate on any arbitrary mixture of CH4 and CO2, 
thus allowing the use of Renewable Natural Gas (RNG) including biogas for transportation 
without comprehensive gas cleanup/upgrading.  
 
The technology behind is to predict the “Value of Interests” (WI, MI and inert%) by the signals 
from easily “Measurable Physical Properties” (such as thermal conductivity, temperature, etc..), 
as shown in the figure.   
 
Prediction of “Value of Interest” by data mining (esp. Multivariate Analysis and/or Artificial 
Neural Network) is the key idea of the concept. This technology is non-invasive, rugged, and 
small in size promising to overcome limitations and shortcomings such as bulky size and 
intrusive nature of conventional measurement technology. 
 
VNGV technology will enable widespread use of RNG as a transportation fuel, resulting in 
significant reductions in GHG emissions in the transportation sector.   
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Introduction  
Renewable Natural Gas (RNG), i.e., natural gas produced from renewable feedstocks (e.g., 
Landfill gas, biomass, etc.) is an important alternative fuel that can contribute to achieving a 
number of goals set by the local and federal governments related to fossil fuel replacement and 
greenhouse gas (GHG) emissions reduction in the transportation sector.  Natural Gas Vehicles 
(NGVs) have achieved reasonable market penetration over the past decade. However, a 
significant increase in the number of NGVs running on RNG is needed in order to make an 
impact on net GHG and criteria pollutant emissions reduction. Most RNG production projects 
are small to medium scale by nature and comprehensive gas cleanup/upgrading to meet NGV 
fuel specifications is often not feasible from a project economic perspective. This results in 
most RNG resources being wasted (e.g., flaring) or being left unused. Developing NGVs that can 
accept a broader range of RNG fuel properties is critical to achieve widespread RNG usage in 
transportation. 
 
We aim to develop key technologies that are necessary to advance the Variable Natural Gas 
Vehicle (VNGV) concept to commercialization. The VNGV would run on conventional natural 
gas, but could also operate on any arbitrary mixture of natural gas and RNG contained in its on 
board compressed gas storage tank. The Figure below shows conceptual diagram of VNGV (ECU 
= Engine Control Unit). 
 
The two technologies needed by a VNGV are: (1) on-board detection of fuel properties and (2) 
adaptive combustion control for a wide range of fuel variations.  
 
On-board detection of fuel properties is an essential part of adaptive engine control 
determining the engine combustion mode and combustion control, and integration of emission 
control systems. Among the fuel properties, Wobbe Index (WI), the ratio of a calorific value of a 
fuel to the square root of its specific gravity, is a well-known, critical factor for fuel 
interchangeability. WI is not only related to VNGV, but is also used in a wide variety of 
equipment and processes that involve natural gas combustion. WI is typically measured using 
bulky, complex and expensive analyzers. These devices measure the energy value of the fuel by 
direct calorimetry followed by separate measurement of density by an optical method. The 
complex, destructive, and expensive nature of existing WI measurement systems prevent its 
use for automotive applications, especially as an on-board diagnostic sensor. 
 
The new WI sensor which uses a combination of thermal conductivity with predictive 
measurement technology is developed. The conceptual diagram of the sensor is provided in 
Figure 1. This technology is non-invasive, rugged, and small in size and can overcome the 
limitations such as bulky size and intrusive nature of conventional WI measurement technology.  
The fuel sensor is not only measure WI, but also Methane Index (MI), which is a critical 
parameter for engine operation. Since MI provides an indication of the knocking tendency of 
the fuel, while WI provides the energy value of the fuel, both are regarded as critical 
parameters for the adaptive engine control of VNGV.  
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Figure 1. Conceptual Logic Diagram of the Sensor 
 
The sensor also can estimate the inert gas content (i.e. Nitrogen, CO2) of fuel, which can be as 
high as ~50% in RNG sources. This is an important parameter as it guides the Exhaust Gas 
Recirculation (EGR) control strategy of the engine to minimize criteria pollutant emissions. 
 
Scope of Work 
The project consists of two tasks as described below.  
 
Task 1: Database Development 
A database of blended fuel compositions was completely constructed. Existing compositional 
information of biogas from landfill, anaerobic digesters and household waste together with 
those from fossil sources was used. Measurable Physical Properties of each blended fuel 
mixture at varying pressures and temperatures was calculated by CHEMKIN transport module, 
which includes thermal conductivity, mass/mole density and sound velocity.    
 
Task 2: Develop WI and MI sensor Algorithm 
Value of Interest (WI, MI) was also estimated using Aspen Plus simulation model from the 
known compositional information. Inert gas composition was directly collected from the 
composition, without relying on simulation. Using the MVA model in MATHLAB, relationships 
between “Measurable Physical Properties” and the “Values of Interest” was developed. Final 
result shows, prediction algorithm can successfully estimate the WI and inert% of the fuel 
within 2% and 1% each.  
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Result and Discussion 
Task 1: Fuel Sensor Database Development 
The variation of natural gas composition in the pipeline is dependent of the geographical region 
and the variation in composition can affect the thermodynamic properties of the gas mixture. 
In addition to the published composition of RNG, the list of pipeline gas mixture selected for 
this study is listed in Table 1. 
 
Table 1. Composition of the Fuel Gas Blends 
Gas Methane 
(mol%) 
Ethane 
(mol%) 
Propane 
(mol%) 
CO2 (mol%) 
Texas pipeline 96 1.8 0.4 0.95 
Rocky Mountain 
pipeline 
94.5 3.5 0.6 0.75 
Peruvian LNG 88.3 10.5 0 0 
Associated high ethane 83.65 10.75 2.7 0 
Associated high 
propane 
87.2 4.5 4.4 0 
 
According to the proposed idea of gas mixture blending the 5 different (Texas pipeline, Rocky 
Mountain pipeline, Peruvian LNG, Associated high ethane, Associated high propane) gas 
mixture is taken. The blending composition varies by 10% for individual gas mixture. An 
example of the blending composition is shown in Table 2. 
 
Table 2. Blending Composition Variation of the Gas Mixture  
Blend Texas 
pipeline (%) 
Rocky 
Mountain 
pipeline (%) 
Peruvian 
LNG (%) 
Associated 
high ethane 
(%) 
Associated 
high 
propane (%) 
1 0 10 10 10 70 
2 10 10 10 10 60 
3 20 10 10 10 50 
4 30 10 10 10 40 
 
A wide range of temperature and pressure is used for the property calculation: -20° to 80° C 
with 20° C incremental interval, 500 psi to 3000 psi with 500 psi interval. Therefore, 6 different 
temperature and 6 different pressure can make 36 possible combination. 
 
The detailed modelling concept requires calculation of several indirect variables as well as 
Wobbe Index and Methane Number at variable temperature, pressure and composition to 
establish the database. Specific indirect variables are: thermal conductivity (k), sound velocity 
(c). In order to calculate the sound velocity constant pressure heat capacity (Cp), constant 
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volume heat capacity (Cv) are also necessary to calculate. All these parameters are calculated as 
a function of temperature, pressure and composition of the gas mixture. 
 
Thermal Conductivity 
Chemkin, a proprietary software tool for solving complex chemical kinetics problems, is used 
for calculating the thermal conductivity of the gas mixtures. The equations for calculating 
thermal conductivity of gas mixtures uses the thermal conductivity of individual components. 
To calculate the thermal conductivity we will use: 
  
kM = ∑𝑥#𝑘# 
 
where ki is thermal conductivity of the ith component and xi is the composition of ith 
component in the mixture. This equation will work since we will pull the real gas thermal 
conductivity values off the Chemkin software. ki for each of the components are not done yet. 
 
Sound Velocity 
To calculate sound velocity we will use: 
 
 Sound velocity, c = , c = %ɣ'()*  
 ɣ = +,+-  
 Z = compressibility factor (you already have this data from graph) 
 R = universal gas constant (8.314 J/(mol.K)) 
 M = molecular weight of the gas mixture 
 
In this, the gamma can be calculated by taking the ratio of specific heats at constant pressure 
and volume. These specific heats can be calculated using the following:  
 
Specific Heat 
To calculate specific heat we will use: 
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Cp and Cv for individual components at 36 different combinations of temperature and pressure 
are already done.  
 
Wobbe Index 
The Wobbe index calculation was performed by using Aspen Plus process simulator.  
 
Methane Number 
The Methane number property was taken from the following website where composition of the 
gas mixture is the only input. http://www.cumminswestport.com/fuel-quality-calculator 
 
Figure 2 shows the sample database developed for the biogas mixed with natural gas and RNG 
from anaerobic digester gas. 
 
 
Figure 2. Sample Wobbe Index and Methane Number Database 
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Task 2: Find the Predictive Relationship for Wobbe Index and Methane Index 
The sets of equation that can be used to predict Wobbe Index or Methane Index: 
R = Xθ 
X is represented as the matrix that includes all the variables. R is the matrix representing the 
wobble index or methane number. 
 
For Wobbe Index: 
X = .1	 	1	) 	 	1	2 	 	1	3 	 	1	4 5 
 
Where T = temperature; P = pressure; k = thermal conductivity; v = sound velocity 
 
θ = ⎣⎢⎢⎢
⎡ −755861315−4		−1204		⎦⎥⎥
⎥⎤ 
 
The % of Root Mean Squared (RMS) error is: 3.75% 
 
For Methane Number: 
X = .1	 1) 	 12 	13 		14 	 1EF5 
 
Where T = temperature; P = pressure; k = thermal conductivity; v = sound velocity; WI = Wobbe 
Index 
 
θ = ⎣⎢⎢
⎢⎢⎡ 186−4068.5−22.90.424.7−1.9 ⎦⎥⎥
⎥⎥⎤ 
 
The % of RMS error is: 0.48% 
 
For Inert Percentage: 
X = I1	 	1	JKLMNOPQ	 	 	1	2 	 	1	3 	1	4 	 			1			EF R 
 
Where T = temperature; P = pressure; k = thermal conductivity; v = sound velocity; WI = Wobbe 
Index 
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θ = ⎣⎢⎢
⎢⎢⎡ 16−468.5−203.92.5425.70.16 ⎦⎥⎥
⎥⎥⎤ 
 
The % of RMS error is: 0.51% 
 
Figures 3, 4, and 5 show the comparison of predicted versus actual Wobbe index, Methane 
Number and Inert percentage respectively. It shows the deviation from the perfect prediction, 
which would be a straight line with 45° angle with both vertical and horizontal axis. The 
deviation has been improved as the expansion of the sensor database by the learning 
mechanism of the prediction algorithm. 
 
 
Figure 3. Predicted Wobbe Index by Using the Developed Model vs Actual Wobbe Index  
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Figure 4. Predicted Methane Number by Using the Developed Model vs Actual Methane 
Number 
 
 
Figure 5. Predicted Inert Percentage by Using the Developed Model vs Actual Inert 
Percentage 
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Suggested Next Steps 
The deviation in the prediction can be improved by learning mechanism of the prediction 
algorithm as further refined database is developing. Once the database for the composition and 
compressibility factor is improved thru further iteration, ɣ (by using Cp, Cv), k, and sound 
velocity as well as Wobbe index and methane number calculation will be refined for a better 
precision. The current database has been expanded containing around 40,000 combinations. 
 
Sensor Prototype is currently developing although this is not scope of NCST work. 
 
The engineering for the sensor prototype and Initial 3D modeling drawing for the sensor 
prototype is shown in Figure 6.  
 
 
Figure 6. The Engineering Diagram for the Sensor Prototype and 3D Modeling 
 
  
  
10 
References  
1. Karavalakis, G., et al., 2009. Influence of different natural gas compositions on the 
regulated emissions, aldehydes, and particle emissions from a transit bus. SAE Technical 
Paper No. 2013-01-1137., 2013. 
2. Aykani, A., Kakaee, A., Ghajar, M.,2014. The influence of fuel composition on the 
combustion and emission characteristics of natural gas fueled engines. Renewable and 
Sustainable Energy Reviews. 38. 10.1016/j.rser.2014.05.080.  
3. Park, C., Raju, A., Franco, S., Roy, P., Jung, H., 2016, Development of a Fuel Sensor 
Technology for a Variable-blend Natural Gas Vehicle, Journal of Natural Gas Science & 
Engineering 2016; 31:149-155. 
4. Park, C. et al, A U.S. Patent Application, 2015 "Online Wobbe Sensor for the Natural Gas 
by Indirect Measurement with Chemo-Metric Data" October 9, No. 62/239,808.	
